Due to the necessity to improve the mechanical properties of cement-based materials, carbon nanotubes (CNTs) have been studied to prepare cement composites. Once they present high tensile strength, if well dispersed and well adhered to the cement hydration products, they can improve the mechanical properties of a cement paste system. Because of that, an effective dispersion process is crucial. Studies involving CNTs dispersion in cement particles in presence of a non-aqueous media of isopropanol resulted in improvements in mechanical properties suggesting a good dispersion and strong bond between CNTs and cement particles. Considering that, the present paper analysed a cement paste reinforced with 0%, 0.05% and 0.10% of CNTs dispersed in a non-aqueous media of isopropanol through three-point bending tests in notched specimens and direct tensile tests. The influence of CNTs on the material fracture energy, flexural strength, and tensile strength was addressed. The results pointed out an improvement of 90% of fracture energy in composites with 0.05% of CNTs. The results of direct tensile tests indicate an improvement of about 20% tensile strength in cement paste with 0.05% of CNTs and images by scanning electron microscopy indicate a better dispersion by this proportion. These results suggest not only an effective dispersion of CNTs in cement matrix by the used dispersion methodology at a dosage of 0.05% of CNTs, but also that the cement composites properties may be improved by the presence of them.
INTRODUCTION
Cement pastes usually present low fracture energy and low tensile strength, leading them to early cracking and making the cement matrix susceptible to penetration of deleterious agents. This behaviour implies that the durability of cement-based materials is a concern; however, they can be improved by the presence of other materials forming composites with better mechanical properties.
Carbon nanotubes (CNTs) have been studied as reinforcement in ordinary Portland cement (OPC) due to their extraordinary mechanical properties [1] . CNTs dispersion, however, appears as the greatest challenge to the incorporation of them in cement composites. They are hydrophobic and tend to agglomerate in the presence of water, which can reduce the cement pastes mechanical performance [2] . Researches, however, by the proper dispersion process recorded improvements in mechanical properties of cement-based composites prepared with CNTs [1] [2] [3] [4] [5] [6] .
Wang and Liu (2013) [3] prepared cement pastes with the incorporation of up to 0.15% of multi-walled carbon nanotubes (MWCNTs) modified by anionic gum and dispersed by a surfactant-ultrasonic method. The results showed an increase of 57.5% in flexural strength and 501% in fracture energy in the presence of 0.08% MWCNTs when compared with the reference paste (0%). In general, research involving dispersion of carbon nanotubes in surfactants use rates ranging from 0.045% [4] to 0.50% [5] .
The cement pastes prepared by ZOU et al. (2015) [1] had additions of 0.038% to 0.075% of MWCNTS that were previously functionalized in COOH and dispersed using a polycarboxylate plasticizer and ultrasonication energy in aqueous solution. The results pointed out an increase of 31.5% in Young's modulus, 49.9% in flexural strength and 62.6% in fracture energy with a paste incorporating 0.075% of CNTs.
HU et al. (2014) [6] dispersed MWCNTs in concentrations of 0.05% and 0.10% in COOH and SDS surfactant and ultrasonic frequency, separately. An improvement in the presence of 0.10% of CNTs was achieved, recording 26.9% of gain in fracture energy dispersed in SDS surfactant and 42.9% dispersed in COOH; 19.2% dispersed in COOH and 11.4% dispersed in SDS surfactant as results of fractural toughness. These results suggest that CNTs can be used as a reinforcement material by both dispersion processes researched by HU et al. (2014) [6] at a proportion of 0.10% of CNTs.
CNTs dispersed in cement particles in the presence of a non-aqueous media of isopropanol resulted in evidences of bond between the CNTs and cement matrix [7] , CNTs acting as crack propagation controllers [7] , densification of C-S-H [8] and compressive and splitting tensile strengths gains of approximately 50% [2] . The results obtained by Rocha and Ludvig (2017) [2] suggest that the optimum range for incorporation of MWCNTs by dispersion on cement particles in an aqueous media of isopropanol is close to the 0.05% ratio.
According to those results, the present work investigates the fracture energy under flexural loading and direct tensile behaviour of cement paste reinforced with MWCNTs at proportions of 0%, 0.05% and 0.10% (by cement weight) dispersed on the cement particles in a nonaqueous isopropanol media by sonication, and tested after 28 days of curing.
MATERIALS
The materials used are: (i) Brazilian Type CP-V Portland cement, due to its low percentage of mineral additions; (ii) multi-walled carbon nanotubes (MWCNTs), with estimated tube lengths between 5μm and 30μm, 99% of external diameter between 10nm and 50nm, and purity greater than 93%, produced in the Nanomaterials Laboratory of the Physics Department of the Federal University of Minas Gerais (UFMG); and (iii) isopropanol absolute grade.
METHODS

CNTs dispersion
The dispersion methodology adopted was based on process described by Rocha and Ludvig (2017) [2] : 10% of the total amount of cement was mixed with CNTs, stirred and sonicated in a solution of isopropanol for one hour at 42Hz. The CNTs were previously sonicated in [2] suggest an effective dispersion at those proportions due to the gains in mechanical resistance achieved.
After the dispersion process, a small sample of cement with dispersed CNTs was analyzed by scanning electron microscopy. The images were obtained in a FEG -Quanta 200 FEI (Center of Microscopy, UFMG). A five nanometers carbon coating was used to ensure the sample conductivity.
Preparation of cement paste specimens
The obtained dry dispersion was mixed with the remaining quantity of cement. Water was added and three types of cement pastes were prepared in a mortar blender: (i) ISO-REF:
without CNTs, (ii) ISO-0.05: with 0.05% of CNTs and (ii) ISO-0.10: with 0.10% of CNTs. The procedures to prepare and cure the cement pastes were the same as described by Rocha and Ludvig (2017) [2] . Figure 1 illustrates the dispersion process and cement paste preparation. Nine specimens were prepared for each type of cement paste. Three of them were prismatic with 160 mm of length, 40 mm of width and 40 mm of height, used to three-point bending tests. Three of them were cylindrical with 5 cm of diameter and 10 cm height for splitting tensile tests. Tthe other three were used for direct tensile tests. The specimen geometry plan view is illustrated in Figure 2 . The specimens had 40 mm of both height and width. The geometry adopted was defined according to the specimen specifications of Mechtcherine et al. (2011) [9] used to run direct tensile tests in cement based composites incorporated with short PVA fibers. 
Three-point bending tests
The prismatic specimens were prepared with a notch in order to conduct the crack during the loading application. The cutting was performed using a specific apparatus developed for this purpose in order to ensure the alignment of the cut in the prismatic bars, and was executed in a depth of approximately 10 mm.
Close to the notch, two metal plates were attached, as indicated in Figure 3a . An MTS 632.02B-20 model extensometer was attached on the plates to measure crack mouth opening displacement, as showed in Figure 3b . The three-point bending tests were carried on using a servo-hydraulic MTS testing system with closed loop control and a load cell of 2.5 kN. All specimens were tested at a constant crack mouth opening displacement (CMOD) rate of 0.008 mm/min, in order to keep the crack growth stable.
The maximum load applied divided by the effective cross section area was used to calculate the flexural strength. The area below the Stress x CMOD (Crack mouth opening displacement) graph, limited to 0.04 mm of displacement, was used to calculate the fracture energy. The results of flexural strength and the fracture energy were the mean values of the three results of each type of paste.
Splitting tensile tests
The splitting tensile strength tests were performed using an apparatus specially developed for this test, as showed in Figure 4 . The tests were carried on using an EMIC brand test equipment with load cell of 20kN. The load increment used was equal to 1.0 mm/min. 
Direct tensile tests
At the age of 28 days, the specimens for tensile tests were placed between rubber papers, sandpapers and metal claws as showed in Figure 5a . The rubber paper and the sandpaper were used to create a friction between the specimen and the metal claws, and a torque of 5 N.m was applied at the screws. The tensile tests were carried on using a servo hydraulic MTS 810 load frame with closed loop control and a load cell of 250 kN. All specimens were tested under a displacement rate of 0.06 mm/min. The maximum load applied divided by the cross-section area (240 mm x 400 mm) was used to calculate the tensile stress.
RESULTS AND ANALYSIS
Three-point bending tests
The results obtained in the three-point tests are showed in Tables 1 and 2 . The Figure 6 shows the graphs corresponding to the stress x CMOD behaviour of the specimens during the loading of the ISO-REF, ISO-0.05 and ISO-0.10.
According to the information presented on Tables 1 and 2 and Figure 6 , it is possible to affirm that the presence of CNTs contributes to enhance both fracture energy and flexural strength. The flexural strength was improved in the presence of CNTs, suggesting an effective dispersion by the used methodology and a strong bond between cement hydration products and CNTs. The flexural tests indicated a 31% of gain in flexural strength in the presence of 0.10% of CNTs while the cement paste with 0.05% indicated 26% of gain. This behaviour is showed at Figure 6 in which the cement pastes with 0.05% of CNTs were able to keep higher stresses even after the peak load. Differently, the ISO-REF and ISO-0.10 pastes show a more abrupt resistance drop after reaching the maximum load. According to the information presented on Table 1, Table 2 and Figure 6 , it is possible to affirm that the presence of CNTs contributes to enhance both fracture energy and flexural strength. The flexural strength was improved in the presence of CNTs, suggesting an effective dispersion by the used methodology and a strong bond between cement hydration products and CNTs. The flexural tests indicated a 31% of gain in flexural strength in the presence of 0.10% of CNTs while the cement paste with 0.05% indicated 26% of gain. This behaviour is showed at Figure 6 in which the cement pastes with 0.05% of CNTs were able to keep higher stresses even after the peak load. Differently, the ISO-REF and ISO-0.10 pastes show a more abrupt resistance drop after reaching the maximum load.
The difference pointed out by the fracture energy is more expressive in the presence of 0.05% of CNTs: 90%. In presence of 0.10% of CNTs the gain in fracture was 34%. These results suggest that the dispersion in isopropanol is effective and allows CNTs to act as crack propagation controllers as the ISO-0.05 cement paste absorbed more energy when the cracks propagated.
These results are related to the effective dispersion by the method adopted, and the more expressive gain in fracture energy of 0.05% CNT content when compared to ISO-0.10 paste may be related to the optimum range at this proportion using this methodology.
Splitting tensile tests
The results of splitting tensile tests are showed in Table 3 and Figure 7 . The cement paste with 0.05% of CNTs recorded a resistance gain of 37% in comparison with the reference material, while the cement paste with 0.10% of CNTs recorded 28%.
Both splitting tensile strength and three-point bending tests showed better performances of pastes prepared with CNTs, suggesting that the proportions of 0.05% and 0.10% of CNTs dispersed in isopropanol may act as adequate reinforcements to the cement pastes. tests. During the test assembly, 67% of the specimens were lost due to the torque application or due to the eccentric positioning of the specimens in the equipment, which led to the realization of only one sample of each type of cement paste. It is noteworthy, however, that few results can be found in literature regarding direct tensile tests on CNT reinforced composites.
The obtained results in direct tensile tests are showed in Table 4 . The Figure 8 shows the graphs corresponding to the stress x strain behaviour of the specimens during the loading of the ISO-REF, ISO-0.05 and ISO-0.10 pastes.
Despite the small number of specimens, the results of tensile tests are in accordance with the results presented by the splitting tensile and three-point bending tests, as they pointed out a better tensile performance of the cement paste with 0.05% of CNT. The ISO-0.05 achieved 19% of improvement in tensile.
The loss in tensile strength recorded for ISO-0.10 paste in comparison with ISO-0.05 may be attributed to the inefficiency of dispersion of CNTs at this proportion using this methodology. The maximum amount of CNTs that can be effectively dispersed on cement particles in isopropanol using sonication should be close to 0.05%. Only one sample was tested of each type of cement paste due to the difficulty of assembling and running the tensile tests, however these results are in accordance with the splitting tensile test results. Even though ISO-0.10 in both tensile and splitting tensile tests presents strength improvements in comparison to the reference material, ISO-0.05 recorded the higher tensile strength gain. It suggests that the effective dispersion limit of CNTs by this method has probably been achieved around 0.05% of CNTs, as affirmed by Rocha and Ludvig (2017) [2] . The values obtained by direct tensile tests were around 23% of the results of splitting tensile strength tests and around 35% of the results of splitting tensile strength tests. The difference recorded is natural due to the different specifications and methodologies used in each one of those tests. However, in all of them the presence of CNTs dispersed in isopropanol recorded an improvement in tensile strength of cement pastes, suggesting efficiency in the dispersion process carried out.
Scanning Electron Microscopy images
The scanning electron microscopy images of the cement anhydrous with the CNTs are seen in Figure 9 by enlargement of 50000x. In presence of 0.05% of CNTs it was found a well dispersed CNTs filament among anhydrous cement particles and it was not possible to identify presence of CNTs clusters. In presence of 0.10%, however, the image suggests a small cluster, and the presence of clusters may be the cause of the lower tensile strength and fracture energy in comparison with ISO-0.05.
Those images are in agreement with the fracture energy and tensile strength results, in which the better mechanical behaviour of ISO-0.05 were due to an effective dispersion, also corroborating with Rocha and Ludvig (2017) [2] that the optimum range for incorporation of MWCNTs by dispersion on cement particles in an aqueous media of isopropanol is close to the 0.05% content.
CONCLUSIONS
According to the results, CNTs dispersed in isopropanol are effective and appropriate to prepare cement composites with enhanced mechanical properties. The flexural strength and fracture energy were improved in presence of CNTs, confirming that they can be used as a reinforcement material. The 90% of gain in fracture energy of composites with 0.05% of CNTs in comparison with 34% of gain achieved by the cement paste with 0.10% suggests a better dispersion of CNTs in the proportion of 0.05%. These findings corroborate with Rocha and Ludvig (2017) [2] results, in which the optimum CNT content using this dispersion methodology was 0.05%. The tensile strength was also higher in the presence of 0.05% of CNTs and the scanning electron microscopy images are in accordance with the mechanical behaviour, suggesting a better dispersion in a non-aqueous media of isopropanol methodology in presence of 0.05% of CNTs. 
